† Electronic supplementary information (ESI) available: Detailed experimental procedure; UV-vis spectra of aqueous phase before and after extraction; thermophysical properties of HES; 1 H-NMR spectra of aqueous phase; extraction efficiency of Cu(II) over multiple recycling cycles. See
Metals represent an inherent source of both economic value and toxicity, with their consumption projected to increase in line with global economic standards. 1 However, metals are finite commodities; the imbalance between demand and supply risk led the European Union to identify several metals as critical for its continued economic growth. 2 Hydrometallurgy is often favoured by industry for the extraction and separation of metals due to its ability to recover them from a variety of challenging sources, allowing the use of low process temperatures and the recycling of reagents. An important stage of any hydrometallurgical process is solvent extraction, in which metals selectively partition between mutually immiscible liquid phases, usually consisting of an aqueous acidic solution and a low-polarity solvent. 3 In recent years, notable advances in the development of metal extraction systems were made, from traditional solvent extraction, using extractants diluted in common organic solvents, to more recent developments based on ionic liquids and deep eutectic solvents (DES) mediated extraction. 3, 4 For any solvent to be eligible for use in solvent extraction, it must possess low water solubility, low vapour pressure, simple synthesis, low cost, high selectivity towards the target solute, high solvent loading, low viscosity and low toxicity. In this context, hydrophobic eutectic solvents (HES) have emerged as promising designer solvents for the extraction of varied inorganic 5, 6 and organic solutes. 7, 8 These eutectic mixtures are usually composed of two constituents associated by hydrogen bonding and dispersion forces. These interactions stabilize the HES and lower its melting temperature compared to the melting temperature of the individual pure substances. 9 HES were used for the recovery of indium and transition metals from chloride media. 5, 6 Although promising, these results were limited by low extraction yields, a lack of selectivity between various transition metals and incomplete recycling of the HES.
Sustainable HES composed of cheap naturally sourced terpenes (such as menthol and thymol) as hydrogen bond acceptor and fatty acids (from caprylic to stearic acids) as hydrogen bond donor were shown to be highly hydrophobic. 7, 10 Due to the weak hydrogen bonding interactions between the two compounds, such mixtures present only a slight deviation from an ideal solution behaviour, in opposition to what is usually observed for 'deep' eutectic solvents. This lack of dominant hydrogen bond interactions results in a low viscosity HES suitable for solvent extraction applications. 10 Furthermore, the starting compounds are biodegradable and approved for human consumption by various food and drug agencies, turning the resulting HES of interest for a wide range of industries.
In this work, sustainable HES based on menthol or its aromatic counterpart thymol combined with long chain carboxylic acids (C n H (2n+1) OOH; n = 8, 10, 12, 14, 16, 18) ( Fig. S1 in the ESI †), are evaluated for the extraction of Cu(II) and its separation from other transition metals, namely Co(II) and Ni(II). The solid-liquid phase diagrams of these HES were previously reported by us along with their physico-chemical properties at compositions close to the eutectic. 10 These are summarised in Table S1 of the ESI † and serve as the foundation of this communication. The results presented here aim to provide a deeper understanding of metal extraction in HES and provide the basis for the development of other sustainable HES formulations for metal extraction. The mechanisms dictating metal extraction into these HES are determined based on the study of a single metal CuSO 4 solution depending on multiple factors including carboxylic acid chain length at a fixed composition, change in composition for a given carboxylic acid, pH, Cu(II) concentration and salt additive selection. A detailed description of the experimental methodology is provided in the ESI † including the extraction kinetics (cf. Fig. S2 †) . Whilst studies involving eutectics often focus on a specific molar ratio of their constituents, the complete description of the phase diagram of the studied HES 10 allows the tuning of the HES composition to maximise metal extraction. As such, Cu(II) extraction in HES was studied as function of the carboxylic acid selection and the terpene : carboxylic acid molar ratio ( Fig. 1) . These experiments were performed at T = 50 1C as not all mixtures studied were liquid at room temperature.
The extraction of Cu(II), as function of the alkyl chain length of the carboxylic acid at compositions close to the eutectic (Table S1 in the ESI †) is presented in Fig. 1A . A steady decrease in the extraction is observed as the carboxylic acid alkyl chain is increased from n = 8 to n = 18 in both menthol and thymolbased HES. This trend is in accordance with the decreasing carboxylic acid mole fraction (x CA ) in the HES with increasing carboxylic acid chain length (Table S1 in the ESI †). In the case of menthol-based HES, x CA decreases from 0.40 for caprylic acid to 0.10 for stearic acid. A similar trend is observed for thymolbased HES. Although the highest extraction was obtained using caprylic acid, 1 H-NMR analysis of the aqueous phase after extraction indicated small losses of the carboxylic acid to the aqueous phase. The loss of the caprylic-based HES constituents (close to its eutectic composition) in the absence of Cu(II) is of the order of 10 À5 mole fraction. 10 As such, capric acid (n = 10, C 9 H 19 COOH) was selected for further studies.
For the terpene:capric acid HES, Cu(II) extraction increases with an increase in x capric acid until a plateau is reached at x = [0.6-0.8] (Fig. 1B) . Further increase in the carboxylic acid content does not result in significantly higher extraction yield suggesting that only a fraction of the acid is involved in metal extraction. This can be partly attributed to the nature of carboxylic acids which are known to form dimers in solution. Fig. 1B clearly shows that the carboxylic acid is responsible for metal extraction, highlighting also the flexibility of the HES and the need for a full evaluation of their phase diagrams. Pure capric acid presented the highest Cu(II) extraction whilst the pure terpenes dissolved in xylene and cyclohexane for thymol and menthol, respectively, could not extract any Cu(II). This is unlike previous metal extraction studies using carboxylate HES in which metal extraction was mainly due to the other component of the HES, namely lidocaine and a quaternary ammonium ionic liquid. 5, 6 UV-vis analysis ( Fig. S3 in the ESI †) of the organic phase after extraction confirms that Cu(II) is extracted in the form of a Cu-capric acid complex with the presence of a large peak at 680 nm similar to that observed for Cu(acetate) 2 hydrate complexes. 11 Although pure capric acid, in the absence of diluent, displays a marginally greater extraction efficiency than the HES, it was discarded due to the surfactant qualities of pure unbranched carboxylic acids. This surfactant behaviour results in problematic phase separation, a fact not observed during Cu(II) extraction in HES. A final composition of x capric acid = 0.7 was selected since at higher carboxylic mole fraction the HES was no longer liquid at room temperature. 10 At this HES composition, temperature was not found to have an important influence on Cu(II) extraction ( Fig. S4 in the ESI †). As such, all further tests were performed at room temperature (20 1C).
Copper extraction by carboxylic acids is a pH dependent process dictated in part by the acid dissociation constant. 12 The pK a of capric acid is of 4.9. Fig. 2 shows that the extraction of Cu(II) is inversely proportional to the hydrogen ion concentration. Almost no extraction occurs below pH 3 for both HES tested and increases to a maximum at pH 5.2. Further increase in the pH is prevented by Cu(II) hydrolysis. The distribution of Cu(II) with pH in HES and capric acid diluted in xylene (Fig. 2) follows a similar behaviour, displaying a sharp increase in extraction after pH 4.5. Carboxylic acid mediated extraction for a given metal (M n+ ) traditionally follows the deprotonation of the acid to carboxylate and its complexation with the metal cation to form a charge neutral complex. Slope analysis of Cu(II) extraction in HES, presented in Fig. S5 of the ESI, † indicates that only one deprotonated carboxylate ion coordinates Cu(II) during extraction. It is speculated that the high extraction pH also promotes the extraction of intermediate copper sulphate and hydroxide complexes (cf. Table S3 in the ESI †). Further work is ongoing to clarify the potential extraction mechanisms in HES. Although both HES present similar pH behaviour, the menthol-based HES was unstable over time at pH values over 4.9 and split into a Cu(II)-rich carboxylate phase and menthol crystals. No such behaviour was observed in the thymol-based HES which displays a higher ability to establish non-specific interactions with a solute due probably to thymol's aromaticity. 10 Furthermore, a composition of x capric acid = 0.7 is close to the liquidus range limit of menthol-based HES at room temperature. 10 The concentration of Cu(II) disturbs the (limited) hydrogen-bond network in the pure HES responsible for the lowering of the eutectic temperature. This leads to the splitting of the HES into a Cu(II)-rich capric acid phase and menthol crystals.
The loading of Cu(II) was considered in order to evaluate the capacity of the HES phase and is presented in Fig. 3 . Cu(II) extraction into menthol and thymol-based HES is high until 0.0075 M after which a sharp decrease in extraction efficiency is observed, falling to below D = 0.3 for 0.02 M Cu(II). Again, the formation of a third phase appears in the saturated mentholbased HES at higher loading rates. As such, thymol:capric acid was the only HES considered for further experiments. A maximum loading rate of 0.64 g L À1 was achieved at the optimal conditions of x capric acid = 0.7, 0.1 M Na 2 SO 4 and a pH of 4.9. The viscosity of the HES remains low after extraction with 12 mPa s at 25 1C (Fig. S6 in the ESI †), further validating its ease of handling.
The obtained loading for the thymol:capric acid HES is significantly lower than conventional carboxylic extractant loading but one order of magnitude higher than that obtained for indium extraction using a menthol:lauric acid HES. 6 The nature of the salt additive was found to have an important impact on the loading of the HES phase (Fig. S7 in the ESI †) . The extraction efficiency increased 10% by changing from a simple 0.02 M CuSO 4 solution, to one containing 0.02 M CuSO 4 with 0.1 M Na 2 SO 4 due to a salting-out phenomenon. Substituting Na 2 SO 4 for its nitrate and chloride counterpart did not meaningfully improve Cu(II) extraction. However, quantitative Cu(II) extraction was achieved after adding 0.1 M of sodium acetate, sodium maleate or sodium salicylate. The addition of carboxylate bearing ligands, either monocarboxylic or dicarboxylic and aliphatic or aromatic can drastically increase the loading of the HES. This is of interest for leaching applications employing organic acids. 13 To ensure the viability of the hydrophobic eutectic solvent, the water content of the HES phase and 1 H-NMR analysis of the aqueous phase after extraction were performed to quantify any losses of the HES constituents. The HES is highly hydrophobic, with the water content increasing from 0.15 wt% in the pure HES to only 2.50 wt% after extraction. Conversely, 1 H-NMR analysis, presented in Fig. S8B in the ESI, † reveal no measurable loss of any of the HES to the aqueous phase in accordance with the negligible solubility of the HES component in water. 10 Furthermore, the HES was shown to be recyclable over five extraction and stripping cycles with no appreciable loss in the extraction efficiency ( Fig. S9 in the ESI †). Stripping was performed using a 0.1 M H 2 SO 4 solution. The 1 H-NMR spectra of the recovered HES matches that of the original HES (Fig. S8A in the ESI †), indicating the complete recovery of the HES constituents, thereby maintaining the original thymol to capric acid molar ratio. Having successfully demonstrated the mechanisms of Cu(II) extraction in terpene:carboxylic acid HES and its recyclability, the partitioning of first row transition metals (0.01 M) is studied. The results are presented in Fig. 4 and qualitatively illustrated in Fig. S10 of the ESI. † Of the presented metals, Cu(II) and Fe(III) could be successfully extracted whilst extraction of Mg(II), Ca(II), Cr(III), Mn(II), Co(II) and Ni(II) is negligible at the tested conditions, further widening the potential applicability of HES. Zn(II) presents an intermediate behaviour between that of Cu(II) and Ni(II). The extractability of metal ions in HES follows the general sequence observed for the solvent extraction of these metal cations with carboxylic acid ligands and ionic liquids bearing a carboxylic moiety on the cation. 14, 15 The ability of terpene-derived HES to mirror the extraction behaviour of their respective carboxylic acid constituent in solvent extraction expands the potential applicability of HES beyond the tested metals to other critical ones known to display a high affinity for carboxylates like Pd(II) or In(III). 15 By changing the nature of the carboxylic acid from fatty acids to bio-derived salicylates for example, HES can be formulated for the selective extraction of specific metal ions. 15 Additionally, based on the current industrial prices for capric acid (2 h kg À1 ), thymol and menthol (10 h kg À1 ), the proposed HES are competitively priced compared to ionic liquids. 16 For a composition of x capric acid = 0.7, menthol-and thymol-based HES cost 4.2 h kg À1 . In short, HES based on terpenes display the selectivity of traditional solvent extraction whilst eliminating the need for organic diluent, thereby making them a biodegradable, nontoxic and affordable alternative.
To further illustrate the high selectivity of the studied HES for Cu(II) compared to Ni(II) and Co(II), 0.01 M Cu(II) was extracted from concentrated 0.1 M Co(II) and Ni(II) solutions, respectively. The separation of Cu(II) from the divalent transition metals Co(II) and Ni(II) is investigated at the optimal conditions (x capric acid = 0.7, pH of 4.9, T = 20 1C and O:A of 1) and the results are presented in Fig. 5 . An effective separation was obtained with a separation factor of over 500 and 154 for the Cu(II)/Co(II) and Cu(II)/Ni(II) pairs, respectively. The HES displays a greater selectivity for Cu(II) than quaternary ammonium ionic liquids containing fatty acid anions, which shown to extract the transition metals Mn(II), Zn(II), Co(II), Ni(II) and Fe(III) from chloride media. 17 To conclude, this work represents the first proof of metal separation using a hydrophobic eutectic solvent composed of bio-sourced terpenes and fatty acids, opening new possibilities for HES application. Through careful evaluation of the hydrophobic eutectic composition, Cu(II) extraction was optimised by investigating the carboxylic acid chain length, the carboxylic acid mole fraction, the terpene selection and the effect of pH and salt addition. The resulting thymol:capric acid HES can separate Cu(II) with high selectivity from concentrated solutions containing other transition metals.
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